Clinical failures of the highly active antiretroviral therapy could result from inefficient intracellular concentrations of antiviral drugs. The determination of drug contents in target cells of each patient would be useful in clinical investigations and trials. The purpose of this work was to quantify the intracellular concentration of ddATP, the active metabolite of dideoxyinosine (ddI), in peripheral blood mononuclear cells (PBMCs) of human immunodeficiency virus (HIV)-infected patients treated with ddI. We have raised antibodies against ddA-citrate, a stable isostere of ddATP selected on the basis of its structural and electronic analogies with ddATP. The anti-ddA-citrate antibodies recognized ddATP and ddA with nanomolar affinities and cross-reacted neither with any of the nucleotide reverse transcriptase inhibitors used in HIV therapy nor with their phosphorylated metabolites. The three phosphorylated metabolites of ddI (ddAMP, ddADP, and ddATP) were purified by anion exchange chromatography and the amount of each metabolite was determined by radioimmunoassay with or without prior phosphatase treatment. The intracellular levels of the three ddI metabolites were measured both in an in vitro model and in PBMCs of HIV-infected patients under ddI treatment. The possibility to measure intracellular levels of ddATP from small blood samples of HIV-infected patients treated with ddI could be exploited to develop individual therapeutic monitoring.
Highly active antiretroviral therapy has been used successfully for treatment of human immunodeficiency virus (HIV) disease. The most common highly active antiretroviral therapy regimens consist of a combination of at least one protease inhibitor and two nucleoside reverse transcriptase inhibitors. Contrary to protease inhibitors, the expression of nucleoside reverse transcriptase inhibitor activity requires intracellular metabolism of the nucleoside precursor into its corresponding 5Ј-triphosphate nucleotide by the host cell kinases. The active metabolite (nucleoside reverse transcriptase inhibitor-triphosphate) competitively inhibits the HIV reverse transcriptase and acts as a chain terminator of the proviral DNA.
The presence and activity of the intracellular kinases are highly dependent on the type and activation state of the target cell (37) . Studies conducted in HIV-infected patients failed to establish a clear relationship between the plasma nucleoside reverse transcriptase inhibitor concentration and the antiviral efficiency of these drugs (3, 4, 18, 39) . However, a clinical study showed a significant and linear relationship between the intracellular nucleoside reverse transcriptase inhibitor-triphosphate (zidovudine-triphosphate and lamivudine-triphosphate) concentrations, the percent change in CD4 ϩ cells and the rate of decline of HIV RNA in plasma (17) . Thus, intracellular contents of active drugs in target cells seem to give a much better indication of therapeutic efficiency than plasma concentrations of drug precursors.
The intracellular metabolism of ddI leads to three inactive phosphorylated products (ddIMP, ddAMP, and ddADP) and to the active metabolite ddATP (5) . The aim of the present study was to develop a sensitive immunoassay suitable for measuring the intracellular concentration of ddATP in human peripheral blood mononuclear cells (PBMCs) from a limited amount of blood of HIV-infected patients treated with ddI. Two different approaches have been considered. In the first (indirect) method, the phosphorylated metabolites were extracted from cells, then purified by anion-exchange chromatography and subjected to phosphatase hydrolysis to generate the ddA epitope before quantification. The second approach involved a direct measurement of the purified ddATP fraction without prior phosphatase treatment. Both ddA and ddATP levels could be measured by means of an antiserum raised against ddA-citrate, a stable isostere of ddATP. We show that both techniques can be used to quantify the intracellular amounts of ddAMP, ddADP, and ddATP after anionic chromatography of cell extracts (PBMC incubated in vitro with ddI). We also present preliminary results on the quantification of these metabolites in PBMCs of HIV-infected patients treated by a polytherapy involving ddI.
MATERIALS AND METHODS

Materials.
Acid phosphatase (EC 3.1.3.2, 500 U per ml), complete Freund's adjuvant, bovine serum albumin, ddATP, and stavudine (d4T) were purchased from Sigma Chemicals; keyhole limpet hemocyanin was from Calbiochem; Na 125 I (2,150 Ci/mmol) was from New England Nuclear. The culture medium RPMI was from Bio-Whittaker Europe. CPT Vacutainer tubes were purchased from Becton Dickinson (Franklin Lakes, N.J.). ddI was provided by Bristol Myers Squibb and zidovudine and lamivudine by Glaxo Smith Kline. Zidovudinetriphosphate, lamivudine-triphosphate, and stavudine-triphosphate were purchased from Sierra Bioresearch (Tucson, Ariz.). ddA and ddAMP were generous gifts of Gilles Gosselin (Montpellier, France) and Luigi Agrofolio (Orleans, France), respectively. Molecular modeling. Geometric optimization of each molecule was performed with the Sybyl molecular modeling package with the tripos 6.0 molecular force field. The partial charges were computed by the Gasteiger Marsilli method. In order to have a reliable conformation, a short molecular dynamics with a annealing method was performed. The Connolly solvent surface access was computed and the surface was colored with the partial charge of the different atoms which are in contact with the surface.
Synthesis of ddA-HS and ddA-citrate. 5Ј-O-Hemisuccinate-2Ј,3Ј-dideoxyadenosine (ddA-HS) was synthesized by coupling ddA (0.42 nmol) to succinic anhydride (0.63 nmol) in the presence of dimethylaminopyridine (0.63 nmol) (21) . The product was purified by chromatography on silica gel and characterized by mass spectrometry and 1 H and 13 C nuclear magnetic resonance. The isostere of ddATP (5Ј-O-[3,4-dicarboxy-3-hydroxy]butanoate-2Ј,3Ј-dideoxyadenosine, ddA-citrate) was synthesized in six steps, according to the procedure described by Weaver and Gilbert (40 Production of antiserum. The N-hydroxysuccinimide ester of ddA-citrate was coupled to keyhole limpet hemocyanin to give the immunogenic form ddA-citrate-keyhole limpet hemocyanin. This immunogen (500 g) was emulsified with 1 ml of complete Freund's adjuvant and injected subcutaneously into rabbits (albino strain, Centre d'Élevage des Combes, Ain, France). Booster injections were given every 3 weeks after the priming immunization over a period of 4 months. On the eighth day after each booster injection, blood samples were taken and the antibody titer (i.e., the dilution of antiserum able to bind 50% of the radioactive probe described below) was measured.
Synthesis of the radioactive probe. The N-hydroxysuccinimide ester of ddA (ddA-HS, 8.93 mol) was coupled to an ice-cold solution of ␣-NH 2 -tyrosyllysine-COOH (YK, 9 mol) dissolved in 700 l of 50 mM borate-phosphate buffer, pH 8.9. The solution was stirred at 4°C for 4 h. The reaction product (ddA-HS-YK) was purified by HPLC, lyophilized, characterized by mass spectrometry, then radioiodinated by the chloramine T method (20) to give monoiodo-ddA-HS-125 I YK.
Radioimmunoassay. The ddA-citrate antiserum was used at a dilution of 1/50,000 with ddA-HS-125 I YK (5,000 cpm) as tracer. The radioimmunoassay was carried out as described elsewhere (12, 13) . Briefly, 100 l of antibody dilution, 100 l of ddA-HS-( 125 I-Y-K) (50,000 cpm/ml), 100 l of either standard molecules or samples and 200 l of radioimmunoassay buffer (10 mM Phosphate, 150 mM NaCl, 0.1% bovine serum albumin and 0.01% NaN 3 pH 7.4) were incubated at 4°C for 20 h. Then 100 l of bovine serum, 100 l of 6% Tween 20 (to decrease the nonspecific background) and 700 l of polyethylene glycol 6000 (40% in water) were added. The mixture was shaken vigorously and left for 10 min at Ϫ20°C. After 25 min of centrifugation (4,200 rpm in a Beckman JS4.2 rotor) at 4°C, the radioactivity of the pellet was determined and the bound/total ratio was calculated. The blank values, i.e., the amount of radioactivity pelleted without antibodies in the presence of 1% Tween 20, were always lower than 6% of the total bound radioactivity.
PBMCs. PBMCs from healthy volunteers were isolated from blood collected by the Etablissement Français du Sang (EFS, Marseilles, France). Blood samples were diluted (1/3) in RPMI medium then centrifuged on a Ficoll density gradient at 1500 rpm for 30 min. PBMCs were washed three times in sterile PBS (10 mM phosphate,150 mM NaCl, pH 7.4) then suspended in RPMI medium to a density of 5 ϫ 10 5 cells per ml. Then 2 ml were incubated with or without various concentrations of ddI ranging from 10 Ϫ4 to 10 Ϫ7 M, in a CO 2 incubator (5% CO 2 ) in Costar dishes for 16 h, then washed three times before extraction.
PBMCs were also isolated from five HIV-infected patients treated with ddI in association with protease inhibitors (highly active antiretroviral therapy treatment); 8 ml of venous blood was placed in CPT Vacutainer tubes. PBMCs were separated from erythrocytes by centrifugation at 1,500 x g for 20 min at room temperature. The mononuclear cell fraction was transferred into a centrifuge tube, the cell number was counted on a KOVA slide and the cell suspension was pelleted by centrifugation. For supernatant ddI concentrations of (4.1 Ϯ 0.7) ϫ 10 Ϫ5 , (5.7 Ϯ 0.3) ϫ 10
Ϫ6
, and (2.7 Ϯ 0.4) ϫ 10 Ϫ7 M, the cellular ddATP content was 10.6 Ϯ 0.5, 1.06 Ϯ 0.27, and 0.136 Ϯ 0.016 pmol/10 6 cells, respectively (mean Ϯ SEM, n ϭ 2).
PBMCs from healthy volunteers or HIV-infected patients (from 4 to 10 ϫ 10 6 cells) were extracted with 0.5 ml of a 70% methanol solution maintained at 4°C for 20 h. The supernatant was dried and stored at Ϫ70°C until quantification.
Cell extracts were suspended in 1 ml of distilled water and used for quantification of the ddATP and ddA contents with the direct and the indirect methods, respectively, as described below. Purification and dephosphorylation of the phosphorylated metabolites of ddI. Anion-exchange cartridges were used to separate the three phosphorylated metabolites of ddI as previously described for zidovudine and lamivudine (8, 32, 33) . With a ddATP standard solution containing small amounts of ddAMP and ddADP as contaminant, we selected a stepwise elution protocol to obtain a sufficient separation between the three ddI-phosphorylated metabolites. Each collected fraction was checked by anionic HPLC followed by radioimmunoassay detection. Fractions were eluted in the following order:
Step 1 (6 ml of 50 mM KCl), ddAMP; step 2 (10 ml of 100 mM KCl), ddADP; step 3 (6 ml of 250 mM KCl), ddATP. The ddATP content of the later fraction was evaluated by the direct method. In the indirect method, each collected fraction was diluted with 1 vol of water, then dephosphorylated by incubation with 2 l of acid phosphatase (EC 3.1.3.2, 500 U/ml) and 20 l of 1 M sodium acetate for 30 min at 37°C, before quantification by radioimmunoassay. Control experiments performed on a ddATP standard solution showed that the ddA molecule was generated from ddATP by the phosphatase treatment with a recovery yield of 98 Ϯ 2%. The KCl solutions (from 50 mM to 250 mM) did not modified the antigen-antibody interaction.
RESULTS
Choice of the citrate chain to mimic the triphosphate group of ddATP. The development of antibodies with directly polyphosphate nucleoside molecules as hapten is a difficult task because the hapten phosphodiester bonds are rapidly hydrolyzed by endogenous phosphatases. To overcome this difficulty, we chose to raise antibodies against a stable isostere molecule mimicking the ddATP structure (French patent BF 02/02782). Based upon Weaver's design for HIV reverse transcriptase inhibitors (40), we selected the citrate chain to mimic the triphosphate part of the ddATP molecule. Figure 1 presents a comparison between the molecular modeling of ddATP, the ddA-citrate isostere, and ddA-HS. When a superposition of the molecules was performed starting from the 2Ј,3Ј-dideoxyadenosine moiety, surface analysis confirmed that the citrate linker mimics the triphosphate group. The hydroxyl function and one of the carboxyl functions of the citrate moiety are located in a position similar to that occupied by the ␤ phosphate group in the triphosphate. The negative charges of the citrate and phosphate groups can establish similar electrostatic interactions with the antibody binding site.
Characteristics of the anti-ddA-citrate antibodies. The antibody titers of the two antisera obtained with ddA-citratekeyhole limpet hemocyanin as immunogen were 1:6,000 and 1:260,000, respectively. Only the last one (CLS-3) was fully characterized. The antibody affinity (IC 50 ) towards ddATP was found to be 1.1 Ϯ 0.18 10 Ϫ9 M (mean Ϯ standard deviation, n ϭ 28). The minimal detectable value of the radioimmunoassay test, corresponding to the amount of ddATP able to inhibit 20% of the antigen-antibody binding, was found to be 17 Ϯ 4 fmol (mean Ϯ standard deviation, n ϭ 22). The standard curve was linear from 0.1 to 300 nM (100 fmol/ml to 300 pmol/ml). As shown in Table 1 , the anti-isostere antibodies exhibited the following order of decreasing affinity: ddA-HS Ͼ ddA Ͼ ddATP Ͼ ddAMP Ͼ ddI. These antibodies recognize neither the other nucleoside inhibitors of reverse transcriptase used in HIV therapy (i.e., zidovudine, d4T, and lamivudine) nor their biological metabolites (i.e., zidovudine-triphosphate, d4T-triphosphate, and lamivudine-triphosphate).
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the CLS-3 radio-immunoassay, PBMCs (2 ϫ 10 6 cells) from healthy donors were incubated with ddI concentrations ranging from 10 Ϫ5 to 10 Ϫ7 M for 16 h (23, 27) and the immunoreactive material present in the supernatant and cell extracts was analyzed independently. The supernatant immunoreactivity was eluted in the 1 to 5 ml (void volume) fraction, corresponding to the elution volume of the ddI standard molecule. The methanol-extracted immunoreactive material eluted at the elution volume of a ddATP standard (between 16 and 18 ml) was also quantified directly, i.e., without phosphatase treatment. The intracellular ddATP level was found to increase with the ddI concentration. The presence of a ddI immunoreactivity was barely detectable in intracellular extracts (data not shown).
In control experiments, cell extracts of PBMCs (4 ϫ 10 6 cells) not incubated with ddI were submitted to anion exchange chromatography and the eluted fractions were analyzed by radioimmunoassay before and after phosphatase digestion. Whatever the method (direct or indirect) used, we never detected any ddATP or ddA immunoreactivities, indicating that endogenous nucleotides (i.e., ATP) and deoxynucleotides (i.e., dATP) did not interfere in our immunoassay (data not shown). Moreover, cellular proteins recovered in the PBMC FIG. 1. Structural and electronic analogies between ddATP, ddA-citrate, and ddA-HS.
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pellet did not inhibited the antigen-antibody binding (data not shown).
Detection of ddAMP and ddADP in PBMCs incubated with ddI.
In the course of the purification of PBMC extracts on the anion-exchange cartridge, two minor immunoreactive peaks eluting at fractions 24 to 26 and 27 to 30 were also present in addition to ddATP (Fig. 2) . Although this material was initially detected without prior phosphatase treatment, its immunoreactivity was greatly increased after phosphatase hydrolysis (Fig.  2) . The increasing factors were 6.6 and 4.7 for fractions 24 to 26 and 27 to 30, respectively. Thus, both fractions corresponded to phosphorylated derivatives of ddA eluted at lower ionic strength (and therefore less negatively charged) than ddATP itself. An aliquot of synthetic ddAMP eluted at fractions 24 to 26. Taken together, these observations identify fractions 24 to 26 as ddAMP. Fractions 27 to 30 contain a phosphorylated metabolite of ddA eluted at an intermediate ionic strenght between ddAMP and ddATP and therefore correspond very probably to ddADP. The low amount of material and the presence of KCl in fractions 27 to 30 prevented us from definitely identifying this product by mass spectrometry.
Detection of the ddI phosphorylated metabolites in blood samples of patients. Blood samples (8 ml) of HIV-infected patients receiving daily doses of ddI were used to quantify the intracellular levels of ddAMP, ddADP, and ddATP by the chromatography-radioimmunoassay technique described above. The ddI plasma content was also determined ( Table 2 ). Significant levels of ddATP were detected in three patients. For patient 4, the ddATP immunoreactivity was barely detectable. For all the HIV-infected patients, immunoreactive material was found in the ddAMP fraction, representing around 25 to 32% of the total immunoreactivity. A main immunoreactive material, representing 50 to 67% of the total immunoreactivity, was found in the fraction attributed to ddADP. As already observed in vitro, the immunoreactive material measured in these two later fractions by the direct method were greatly increased after phosphatase hydrolysis with increasing factors close to 6. By contrast, we did not see any significant increase of the immunoreactive material after phosphatase treatment of the 41 to 44 fractions, corresponding of the elu- 
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tion volume of ddATP. For patient 1, we found three minor but significant immunoreactive peaks at elution volumes of 2.5 to 3, 7.5 to 8.5, and 10 to 11 ml, respectively. These weak peaks were only detected after phosphatase hydrolysis of the fractions and might correspond to other phosphorylated metabolites of ddI. The 2.5-to 3-ml fractions might be intracellular ddI.
DISCUSSION
Quantification of the active triphosphate metabolites of nucleoside reverse transcriptase inhibitors used in anti-HIV therapy would be useful for clinical investigations. The major difficulty is the small amount of intracellular triphosphate metabolite present in patients (a few fmol per 10 6 cells). Thus, sensitive methodologies have been developed to detect such small levels from limited amounts of blood. Several methods including a purification step by HPLC or Sep-Pak Cartridge coupled mainly with UV detection were used for quantification of zidovudine, d4T and lamivudine phosphorylated metabolites (17, 29, 32, 33, 36) . Recently, liquid chromatographytandem mass spectrometry and capillary electrophoresis-tandem mass spectrometry techniques were also described for the same nucleoside reverse transcriptase inhibitors (i.e., zidovudine, lamivudine, and d4T) (11, 22, 26, 28, 30, 34) and for ddATP (6) . Another possible approach involved the development of sensitive and specific antibodies. Most of the immunoassays described for nucleoside reverse transcriptase inhibitors and ddNTPs were developed against zidovudine, d4T, and lamivudine. Generally, the methods used were indirect, involving antibodies raised against the parent drug and detection of the phosphorylated metabolites after chromatography and phosphatase digestion to generate the epitope recognized by the antibodies (2, 16, 29, 32) .
The intracellular ddATP levels were found to be the lowest among various ddNTPs (23, 27) . Thus, most of the technologies previously described were not sensitive enough to detect intracellular ddATP in HIV-infected patients. To our knowledge, no sensitive immunoassay has been described for ddA and ddATP. The production of antibodies with directly the nucleoside triphosphate as hapten is a doubtful approach. During the immunogen synthesis step or during the priming of immune system, the phosphodiester bonds can be hydrolyzed either chemically or by endogenous phosphatases and phosphodiesterases (37) . However such a direct approach has been used for the development of zidovudine-monophosphate and zidovudine-triphosphate antibodies (2, 19) . Our own assays to obtain sensitive antibodies directly against the ddATP hapten were unsuccessful. The hapten instability can be overcome with analogs of ddNTPs in which the triphosphate link is replaced by a stable isosteric group. Numerous works have reported the synthesis of enzymatically stable analogs of ddNTPs used as potential antiviral agents in the HIV reverse transcriptase field. Most of the bio-isosteres of ddNTP involved the substitution of the P-O-P bonds either by P-NH-P (35) or by P-CH 2 -P bonds (15, 25, 38) . With the P-CH 2 -P bond strategy, an isostere of zidovudine was synthesized and used as hapten to produce antibodies (9, 10) . However until now, no quantification of intracellular endogenous zidovudine-triphosphate with these antibodies has been reported.
Recently, Weaver et al. demonstrated that the citrate link was a good mimic of the triphosphate moiety for developing phosphate-modified analogs of d4T (40, 41) . In order to obtain antibodies recognizing the ddATP molecule, we chose to use the citrate link to synthesize a stable isostere of ddATP. The anti-isostere antibodies raised against the ddA-citrate hapten exhibited a high antibody-titer (1:260,000) and a good affinity towards ddATP (IC 50 ϭ 1.1 Ϯ 0.18 ϫ10 Ϫ9 M). Our antibody specificity studies show that the citrate group is a good mimic of the triphosphate moiety towards the B-cell receptors.
PBMCs collected from healthy subjects were used as an in vitro model to validate our methodology. With this model, we demonstrated that anion-exchange chromatography on a SepPak cartridge efficiently separated the three phosphorylated metabolites of ddI. The very low level (if any) of intracellular ddI is eluted in the void volume and cannot interfere with the phosphorylated metabolites. The cross-reactivity of the antiddA-citrate antibodies towards ddI (IC 50 ϭ 2 ϫ 10 Ϫ8 M) offers the possibility to quantify the plasma ddI content in HIVinfected patients under ddI treatment. The sensitivity of our test towards ddI is much higher than that of HPLC methods described by Ray et al. and Knupp et al. ( i.e., (5 ϫ 10 Ϫ7 M and 1 ϫ 10 Ϫ5 M, respectively) (24, 31) but quite similar to that of the ddI radioimmunoassay described by DeRemer et al. (14) .
The sensitivity of our test is comparable to the liquid chromatography MS/MS analytical method recently described, involving the detection of ddATP by an indirect method with a limit of ddA quantification of 0.1 ng/ml (4 x 10 Ϫ10 M) (1, 11) . It is important to note that the ddATP content found in our PBMC model (picomole) is much higher than that reported in the literature (femtomole) (18, 23, 27) . Such discrepancies are most likely attributable to the differences between the cellular models and the detection methods of ddATP contents (mainly HPLC/UV detection and radiolabeled experiments studies) used in these previous studies. Our human PBMC model in- The cell content in ddA-phosphorylated metabolites was determined in four HIV-infected patients under ddI treatment after PBMC extraction, Sep-Pak purification, and phosphatase hydrolysis with the anti-ddA-citrate antibodies and expressed as ddA equivalent per 10 6 cells. The ddATP content was also measured without phosphatase treatment and expressed as ddA-TP equivalent per 10 6 cells. Cells were from 4 ml of blood. ND, undetectable. AZT, zidoviudine; SQV, saquinavir; RTV, ritonavir; 3TC, lamivudine; d4T, ? Results are means Ϯ SEM of at least 2 experiments performed in duplicate. VOL. 48, 2004 ddI-TREATED PATIENTS 593
volves mainly lymphocytes and probably better reflects the physiological situation compared to studies performed in cell lines like human monocytoid U937 cells, human lymphoid MOLT 4 cells and human fibroblastoid H1080 cells. Application to a limited number of human PBMC samples collected from ddI-treated HIV-infected patients, show that our methodology can be used for quantifying the active ddATP metabolite from a reasonable amount of blood sample (4 to 8 ml). It is worth noting that the intracellular ddATP contents detected in the present work are similar those found in HIVinfected patients with an HPLC/tandem Mass Spectrometry method (6, 7) . The quantification of ddATP is a crucial point in the follow-up of HIV-infected patients, in order to adapt the nucleoside reverse transcriptase inhibitor regimen to each individual. Thus, if our preliminary results were confirmed, treatment of patient 4 with ddI would be questionable since this patient is unable to transform ddI into its active form ddATP. The immunological approach described here offers the opportunity to detect and quantify not only ddATP, but also the two other phosphorylated metabolites of ddI after purification and phosphatase hydrolysis. Taken together these measurements should constitute an indication of the intracellular metabolism status of HIV-infected patient and should help to better understand therapeutic failures.
The immunological method involving the use of an isostere of the triphosphate group to produce antibodies against phosphorylated molecules appears to be a powerful and general approach to detect the phosphorylated metabolites of nucleoside reverse transcriptase inhibitors used in HIV therapy. We are currently trying to extend this technique to other anti-HIV nucleosides.
